We demonstrate the generation of a supercontinuum spanning more than 1.4 octaves in a silicon nitride waveguide using sub-100-fs pulses at 1 μm generated by either a 53-MHz, diode-pumped ytterbium (Yb) fiber laser or a 1-GHz, Yb:CaAlGdO 4 (Yb:CALGO) laser. Our numerical simulations show that the broadband supercontinuum is fully coherent, and a spectral interference measurement is used to verify that the supercontinuum generated with the Yb:CALGO laser possesses a high degree of coherence over the majority of its spectral bandwidth. This coherent spectrum may be utilized for optical coherence tomography, spectroscopy, and frequency metrology. Coherent supercontinuum generation (SCG) has been utilized as a phase-coherent broadband source for biological imaging and molecular detection techniques, such as optical coherence tomography [1] and coherent Raman [2] and anti-stokes Raman spectroscopy [3] . A phase-coherent optical spectrum is also critical for applications including pulse compression [4] , frequency metrology [5] [6] [7] [8] , and wavelength division multiplexing [9] . Additionally, coherent supercontinuum (SC) with an octave-spanning bandwidth is highly desirable for the detection of the carrier envelope offset frequency (f ceo ) of a modelocked laser through a self-referencing scheme using f -2f interferometry [5, 6] , enabling a fully stabilized frequency comb source. For some applications, such as dual-comb spectroscopy, where the resolution is determined by the comb spacing, the desired source repetition rate is determined by the sample that is characterized [10, 11] . Thus a SC platform that can operate over a wide range of pulse energies and repetition rates is highly advantageous. Coherent SC for these applications may be generated in a fiber-based or chip-based platform.
Coherent supercontinuum generation (SCG) has been utilized as a phase-coherent broadband source for biological imaging and molecular detection techniques, such as optical coherence tomography [1] and coherent Raman [2] and anti-stokes Raman spectroscopy [3] . A phase-coherent optical spectrum is also critical for applications including pulse compression [4] , frequency metrology [5] [6] [7] [8] , and wavelength division multiplexing [9] . Additionally, coherent supercontinuum (SC) with an octave-spanning bandwidth is highly desirable for the detection of the carrier envelope offset frequency (f ceo ) of a modelocked laser through a self-referencing scheme using f -2f interferometry [5, 6] , enabling a fully stabilized frequency comb source. For some applications, such as dual-comb spectroscopy, where the resolution is determined by the comb spacing, the desired source repetition rate is determined by the sample that is characterized [10, 11] . Thus a SC platform that can operate over a wide range of pulse energies and repetition rates is highly advantageous. Coherent SC for these applications may be generated in a fiber-based or chip-based platform.
However, chip-based SCG offers the potential for cost-efficient, large-scale production and, more importantly, the potential for a completely integrated photonic SC source.
Current chip-based SCG platforms include silicon [12] [13] [14] [15] [16] , amorphous silicon [17] , silica [18] , high-index-doped silica [19] , silicon nitride [20] [21] [22] [23] [24] [25] [26] , chalcogenide [27] [28] [29] [30] , and periodically poled lithium niobate waveguides [31] . Siliconbased waveguides in particular provide material compatibility with existing complementary metal-oxide-semiconductor (CMOS) fabrication technology that allows for wide-scale implementation of integrated chip-scale devices. Silicon nitride (Si 3 N 4 ) is a CMOS-compatible material with a nonlinearity (n 2 2.5 × 10 −15 cm 2 W −1 ) that is two times larger than that of high-index-doped silica and 10 times larger than that of silica [32] . This high nonlinearity coupled with the high-mode confinement allows for short waveguide lengths, which enables coherent SCG. The large band gap of Si 3 N 4 , as compared to either crystalline or amorphous silicon [32, 33] , allows for nonlinear interactions that are free from two-photon absorption at near-infrared wavelengths, making Si 3 N 4 an ideal candidate for SCG at 1 μm. Previous demonstrations of SCG in Si 3 N 4 with near-infrared [20] [21] [22] [23] [24] [25] and mid-infrared [26] pump lasers have achieved octave-spanning bandwidths, but the coherence of the generated SC spectra has not been characterized.
Here we investigate the coherence of SC spectra spanning more than an octave generated in Si 3 N 4 waveguides using sub-100-fs, 1 μm pulses from a 53-MHz diode-pumped ytterbium (Yb) fiber laser and a 1-GHz Yb:CaAlGdO 4 (Yb:CALGO) laser. For each laser source, we observe similar spectral features in the experimentally generated SC, and numerical simulations of the generated spectra show a high mutual coherence over the entire spectral bandwidth. Moreover, for both laser sources, a broadband SC is generated with low coupled pulse energies (∼36 pJ in the waveguide). This low power requirement stems from the high mode confinement and high nonlinearity at 1 μm, which combine to give a high nonlinear coefficient (γ ∼ 3 W −1 m −1 ) that allows for SCG from these laser sources without additional amplification. In our experiments, we apply a spectral coherence measurement in which the SC generated from a single input pulse is interfered with the spectrum generated from an adjacent pulse. From this measurement, we find that the generated SC is highly coherent over the majority of its bandwidth and is suitable for f − 2f interferometry. We achieve coherent broadband SCG in a Si 3 N 4 ridge waveguide through careful design of the dispersion. SCG at a specific pump wavelength is accomplished through modification of the waveguide cross section to tailor the appropriate contribution from the waveguide dispersion. Based on our 1-μm pump, the waveguide cross section is designed to achieve a broad region of anomalous group-velocity dispersion (GVD) about the pump wavelength. Figure 1 shows the simulated GVD for two waveguides with different widths. The region of anomalous GVD at the pump wavelength and the two zero-GVD points allow for coherent SCG when pumping with adequately short pulses through self-phase modulation and the emission of a dispersive wave on either side of the pump wavelength which serves to extend the coherent bandwidth of the generated SC [34, 35] .
In our experiment, we first demonstrate SCG using a 53-MHz, dispersion-managed soliton fiber laser [36] . We use an 8-mm-long Si 3 N 4 waveguide with a cross section of 690 × 950 nm (see Ref. [37] for fabrication details). The waveguide is pumped with 92-fs pulses and 437 pJ of pulse energy incident on the waveguide. The laser pulses have a center wavelength of 1030 nm and are assumed to have a Gaussian intensity profile. The polarization of the input pulses is adjusted to quasi-TE with a half-wave plate, and an aspheric objective is then used to couple the light into the chip with an 11-dB coupling loss, which is determined using an aspheric objective at the output of the waveguide. The coupling loss is not fundamental and may be improved in future designs through optimization of the inverted taper to promote coupling into the fundamental mode. We measure the propagation loss of the waveguide to be 0.7 dB/cm at 1550 nm. The output light is collected with a lensed fiber with a 3-dB coupling loss and sent to two different optical spectrum analyzers (OSAs). One OSA is used to cover the wavelength range from 350 to 1750 nm, and a second OSA is used to measure the wavelength range from 1200 to 2400 nm after spectral components below 1200 nm are filtered to prevent higher-order diffraction effects. Figure 2(a) shows the experimental SC spectrum generated with 35 pJ of pulse energy in the waveguide. The spectrum spans the wavelength range from 673 to 1944 nm, which corresponds to 1.5 octaves of bandwidth measured at −40 dB relative to the peak of the spectrum.
We theoretically investigate the coherence of the SC spectrum by performing numerical SCG simulations using the split-step Fourier method to solve the generalized nonlinear Schrödinger equation, including third-order nonlinearity, higher-order dispersion, and self-steepening. Raman effects are not included. To characterize the spectral coherence, the input pulses are seeded with quantum shot noise [38] . The simulated SC for an 8-mm-long waveguide with 92-fs pump pulses and 25.5 pJ of coupled pulse energy is shown in Fig. 2(b) (left axis) . We simulate 128 individual spectra, and the averaged spectrum is shown as the black trace. The simulated SC is in good agreement with the experimental results. Slight discrepancies in the location of the dispersive waves between the simulation and experiment are attributed to deviations of the actual input power and dispersion from the simulated parameters. Experimentally, a small amount of the input light is coupled into higher-order modes, leading to a higher measured coupled power as compared to the simulation. We choose the pulse energy used in the simulation such that the simulated spectrum most closely reflects the experimentally generated SC. Additionally, the actual dispersion of the waveguide will vary slightly from the simulation dispersion due to waveguide fabrication tolerances.
The first-order, mutual-coherence function for the simulated SC is calculated based on [39] . As seen in Fig. 2(b) (right axis), the simulated SC has a coherence of unity over most of its bandwidth. This high-spectral coherence derives from the SC generation dynamics that accompanies pumping in the anomalous GVD regime with sufficiently short pulses [34] . Initially, the input pulse undergoes spectral broadening and temporal compression due to self-phase modulation (SPM). Symmetric spectral broadening due to SPM occurs over the first 6 mm of propagation in the waveguide, as seen in the spectral-evolution plot of Fig. 2(c) . This is followed by the emission of short-and longwavelength dispersive waves. For our high-energy pump pulses, a short-waveguide length is sufficient to generate broadband spectrum and helps preserve a coherent SC spectrum.
Next we demonstrate SCG using a 1-GHz repetition rate SESAM-modelocked diode-pumped Yb:CALGO laser [40] . This laser allows for a relatively easy coherence measurement due to the short delay in the path length (30 cm) between adjacent pulses. The laser pulses have a hyperbolic secant intensity profile and a center wavelength of 1055 nm. An optical Faraday isolator is used after the laser to protect against back reflections from the waveguide facet, and a grating pair is used to compensate for the GVD introduced by the isolator. Residual GVD and higher-order dispersion result in stretching of the laser pulses from 63-fs pulses before the isolator to 91-fs pulses after the isolator and grating pair. Back reflections from the waveguide can be suppressed in subsequent designs through use of an angled waveguide facet, eliminating the need for an isolator. The experimental setup is the same as described above. The Si 3 N 4 waveguide is 7.5-mm-long with a 690 × 900 nm cross section. Figure 3(a) shows the SC generated with 236 pJ pulses incident on the waveguide with an 8-dB coupling loss. The measured SC is generated with 37 pJ of coupled pulse energy and exhibits similar spectral features to our previous results with a fiber laser (Fig. 2) . The simulated SC of the 7.5-mm-long waveguide using 91-fs time-bandwidth-limited pump pulses and 24.5 pJ of coupled pulse energy is shown in Fig. 3(b) (left axis). The simulated spectrum corresponds closely with our experimental spectrum and displays a high degree of coherence over the entire spectral bandwidth [ Fig. 3 (b) (right axis)].
In order to experimentally characterize the coherence of the generated SC, we perform a spectral interference measurement [39, 41] in which the output from the waveguide is sent to a free-space asymmetric Michelson interferometer. One arm of the interferometer is chosen to provide a delay corresponding to the pulse period. This allows for interference between adjacent pulses, creating interference fringes on the OSA when the SC generated by subsequent pulses are coherent. A single sweep of the OSA records the ensemble average of >10 9 interference events from which the first-order mutual coherence [g 1 12 λ] may be calculated according to [39] 
where I 1 λ and I 2 λ are the measured spectral intensities from each arm of the interferometer, and V λ denotes the fringe visibility, which is given by the maximum and minimum fringe intensity as V λ I max λ − I min λ∕I max λ I min λ [42] . For the coherence measurement, the temporal delay between interfering pulses is selected to give adequate resolution (fringe spacing) over the entire wavelength range. Light output from the interferometer is collimated into a fiber and sent to the OSA. We use a fiber that is single mode at 1550 nm for measurement of wavelengths longer than 1250 nm and a fiber that is single mode at 1060 nm for measurements performed below 1250 nm. This smaller core fiber ensures the spatial overlap between the interfering pulses at wavelengths longer than the cutoff wavelength. The spectral interference measurement is performed in 100-nm steps with optimization of the collimation and the alignment of the output for each wavelength region. The interference measurement is shown on the left axis of Fig. 4(a) . As seen in Fig. 4(a) (left axis), interference fringes exist over the entire spectral range above the noise floor. The right axis of Fig. 4(a) gives the extracted visibility, which is near unity for the majority of the SC bandwidth. For measurements taken below the cutoff wavelength of the 1060 nm single-mode fiber (∼890 nm) the multi-mode nature of the fiber leads to a sensitivity to the fiber collimator input coupling. This effect is seen in the reduction of the fringe extinction from 740 to 840 nm and in a decrease of the visibility, especially at the edges of the measurement range. Over the wavelength range from 840 to 1750 nm, the average visibility is 0.94. This high average visibility results from the high degree of phase coherence that exists between interfering pulses. As seen in Eq. (1), the visibility is equal to the first-order mutual coherence with the inclusion of a normalization factor that takes into account any differences in the intensities of the individual interferometer arms.
Importantly, we measure visibility near unity at spectral regions that are an octave apart, which enables f -2f interferometry and detection of the f ceo of the modelocked laser source. A magnified view of these spectral regions at 700 and 1400 nm is shown in the insets of Figs. 4(b) and 4(c). We measure an average visibility of 0.9 over the wavelength range from 675 to 725 nm and an average visibility of 0.99 over the wavelength range from 1350 to 1450 nm. For some wavelength regions we are limited by the signal-to-noise ratio of the measured SC spectrum and thus could not extract the visibility. Lastly, we calculate the first-order mutual coherence pursuant to Eq. (1). The calculated coherence shown in Fig. 4(d) closely resembles the extracted visibility with slight differences due to the normalization factor. In the spectral region surrounding the pump wavelength we observe modulations in the measured intensity in the delay arm and reference arm of the interferometer, which distorts the coherence calculation.
In conclusion, we experimentally demonstrate SCG spanning over 1.4 octaves from a Si 3 N 4 waveguide using a 53-MHz fiber laser and a 1-GHz Yb:CALGO laser. The simulated coherence for the SC generated from each laser is unity across the bandwidth of the spectrum. Additionally, we measure a coherent SC spectrum spanning from 670 to 1750 nm (measured at −30 dB relative to the peak of the spectrum) using the YB:CALGO laser. This represents a promising broadband coherent source for spectroscopy, frequency metrology, optical communications, and optical coherence tomography. Si 3 N 4 provides a platform for coherent SC for diverse applications since it allows for tailoring the GVD and waveguide length to accommodate a variety of pump lasers with different pump wavelengths, pulse energies, and repetition rates. In addition, the demonstrated coherent octave-spanning bandwidth is ideal for the self-referenced detection of the f ceo and illustrates the potential impact of a CMOS-compatible waveguidebased coherent SC source. 
